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ABSTRACT 


The vertical structure of the atmospheric boundary laver in the East Greenland 
Sea'Fram Strait marginal 1ce zone (MIZ) is examined for various wind flow regimes with 
respect to the ice edge. Rawinsonde profiles and surface observations collected from 
three ships during MIZEX-87 (20 March - 11 April 1987) served as the data set for the 
examination. 

Three specific flow regimes are discussed: on-ice flow, off-ice flow, and flow parallel 
to the ice. On-ice flow resulted in deep, moist mixed lavers capped by high weak inv- 
ersions at the MIZ. Off-ice flow resulted in multiple surface and elevated inversions, 
with specific hunudity highest within an elevated lower-tropospheric laver and drv re- 
gions near the surface and aloft. Parallel flow led to the development of strikingly dif- 
ferent boundarx laver regimes separated by the ice edge: Over ice. deep surface and 
elevated inversions were associated with alternating moist and dry lavers in the lower 
troposphere; over water, multiple elevated inversions were associated with an elevated 
lower-tropospheric moist laver and drv regions near the surface and aloft. Possible 


physical processes important for the development of the observed features are discussed. 
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I. INTRODUCTION 


A. GENERAL 

The Arctic region has experienced greatly increased interest over the last two dec- 
ades, due largely to the search for non-renewable resources (Westermeyer, 1984). As 
energy resources, such as oil and gas, become increasingly difficult to find in less de- 
manding locales, the difficulties of exploration and extraction in the Arctic become more 
acceptable. Research on the meteorology and oceanography of the region has occurred 
In response to petroleum industry needs (Merbs, 1988). Associated with increased na- 
tional economic interest 1s the growing realization of the strategic importance of the re- 
gion. The increased use of the Arctic as a deployment area for the strategic forces of the 
soviet Union has forced the United States to enhance its operating capabilities in this 
vital region of the world. Research on the meteorology and oceanography of the region 
fone iitedestates Mary needs has been carried out for several vears, funded by the Office 
AS Ma escaicio Will) the most recent series of experiments occurring in the east 
Greenland Sea and Fram Strait region (Johnson er al, 1984). 

Ihe Greenland Sea region represents an especially important area along the Arctic 
mame Oecalise it 1s the only deep water access to the Arctic Ocean. It therefore plavs an 
important role in the deployment of naval forces should hostilities occur. An example 
of the emphasis placed on this area is the United States Navy's Arctic Cold Weather 
Surface Ship Plan developed by the Vice Chief of Naval Operations for Surface Warfare 
(OP-03). As shown in Fig. 1, the Navy intends to expand its operating hmits northward 
to the marginal ice zone (MIZ) by the vear 2010. In order to support the Navy's goals, 
as stated by OP-03, improvements in the ability to predict and avoid severe weather. and 


our knowledge of the region as a whole, are required. 


B. MARGINAL ICE ZONE EXPERIMENTS 

The east Greenland Sea marginal ice zone (MIZ) occurs where polar and temperate 
climatic systems interact to form a transition between ocean and pack ice regimes 
(Johannessen, 1987). As a geophvsical boundary, the MIZ is unique in the complexity 
of the vertical and horizontal interations that take place. Extensive seasonal variations 
in the ice edge boundary directly affect the heat and moisture available for exchange with 


the atmosphere. significantly impacting both the local atmospheric boundary layer 
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EXTENSION OF OPERATING LIMITS IN NORTHERN LATITUDES IN 
SEVERE WINTER o ES FOR THE NORTH ATLANTIC 





Fig. 1. OP-03 Severe weather operating goals. 


(ABL) structure and the global climate (Johnson and Ilawkins, 1987). In addition, the 
MIZ is a region of enhanced biological activity. 

The Marginal Ice Zone EXperiment (MIZEX) series was developed mn response to 
increased scientific, economic and strategic mterest m the MIZ The purpose of the 
MIZEX program is coordinated, multi-disciplinary studies of the physical and biological 
processes associated with a MIZ. The first two experiments of the series. MIZEN-83, 


conducted during June and July 1983, and MIZEX-84, conducted from Mav through 
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MIZEX-87 operations area (MIZEX-87 Operations Plan). 


Fig. 2. 


July 1984, focused on processes and features of the Greenland Sea Fram Strait area 
during the summer regime. 

Several investigations of the atmospheric boundary laver (ABL) processes unique to 
the MIZ were conducted with feld observations taken during these first ViIZEN exe 
iments. together with model computations. The characteristics of the ABL and low-level 
flow observed during MIZEX-83 and MIZEN-S4 are discussed in several recent papers 
(Kellner er al, 1987; Anderson, 1987; Fairall and Markson. 1987; Guest and Davidson, 
198 7; Guest et al, 1988: Overland, 1985). Results of a slab-symmetric model for the ABL 
together with field observations (Overland. et al, 1983) show the development of an in- 
version and other features over the Bering Sea M1Z during off-1ce flow. NLore me e 
work by Overland (1985) and Kantha and Mellor (1988) describe more detailed multi- 
laver models of the ABL associated with the M1Z. 

A late winter MIZEX was conducted from 20 Mfarch to TOSA 
Greenland Sea MIZ . This is referred to as MIZEN-57. Theope no e 
MIZEX-87, shown in Fig. 2. is the same region as mnm NITZEN: Eae 
MIZEN-S7 is of special interest because data obtained represent one of the first data sets 


for the Greenland Sea M1Z during late winter conditions. 


C.. PURPOSE AND SCOPE OF THESIS 

The purpose of this thesis is to examine boundary laver features and conditions 
during MIZEN-S7 under three specific wind flow regimes with respect to the ice edge: 
on-ice flow, off-ice flow, and flow parallel to the ice edge. Structural features of the ABL 
are often associated with advection of air masses with respect to the ice edge, with rapid 
changes in the ABL accompanying shifts in wind direction. Sharp horizontal changes 
in heat, moisture and momentum fluxes associated with the ice edge cause rapid mod- 
ification of the atmopspheric boundary laver even in stable synoptic regimes. leading to 
unusual complexity in its vertical structure. Rawinsonde data from three ships during 
MIZEX-87 were used as input to a vertical cross-section program, allowing documen- 
tation of unique ABL features in the MIZ, and their temporal and spatial variability. 
The scope of this thesis 1s to present detailed physical descriptions of boundary layer 
features and changes resulting from shifts in the wind flow regime, and to discuss plau- 
sible physical explanations for the development of observed features. It 1s the intent of 
this thesis to provide an initial examination of a unique data set in the late winter 


Greenland Sea MIZ boundary laver, for each of the basic flow regimes. 


ll. ARCTIC MARINE BOUNDARY LAYER 


A. GENERAL ATMOSPHERIC BOUNDARY LAYER FEATURES 

The atmospheric boundary layer (ABL) is that portion of the atmosphere that 1s 
largely composed of air that has recently been in contact with the earth’s surface, ac- 
cording to Stewart (1979). All momentum, moisture and heat exchanges between the 
surface and the atmosphere occur within this laver, so the boundary layer is clearly im- 
portant to both the dvnamic and thermodynamic structure of the atmosphere and sur- 
face. Twpicallv over land. boundarv layer depth may vary from tens to thousands of 
meters. while over the ocean a more constant depth of roughiv 1 kilometer is recorded 
(Lenschow. 1956). 

The ABL is a region of turbulent flow. Turbulence in the ABL is a function of sur- 
face roughness (parameterized by drag coefficient C,). the vertical gradient of the near 
surface wind. and sensible and latent heat fluxes from the surface and atmosphere. 
Mechanical turbulence 1s produced by air flowing over a rough surface, transfering en- 
ergv from the mean wind to turbulent eddies. This process is constantly at work to some 
degree in the ABL. Convective turbulence is produced by sensible and latent heat fluxes 
at the surface. or by latent heat flux aloft due to cloud formation. causing rising plumes 
of turbulent air. These turbulent plumes increase both the turbulent kinetic energy 
(TKE) and the mixing within the ABL. An increase in TKE usually results in an increase 
in ABL depth (Wvngaard. 1973). 

mera Bl can Ge described in terms of its density structure as unstable. stable. or 
neutral. An unstable ABL is produced by heating at the surface. leading to both 
convective and mechanical turbulence. A near surface wind shear zone called the surface 
laver transports wind momentum downward to the surface, and heat and moisture up- 
ward into a homogeneous layer constantly stirred by turbulence, called the mixed layer. 
This mixed laver is highly variable in depth, and comprises most of the ABL volume. 
The mixed layer is capped by a stably stratified region of vertically increasing temper- 
umxesealled an inversion. where turbulence is suppressed. These various layers are 
schematically represented in Fig. 3. 

By contrast, a stable ABL is produced by cooling at the surface. This leads to de- 
velopment of an inversion near the surface and the suppression of convective turbulence. 


The remaining mechanical turbulence is able to mix only a shallow layer near the 
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Fig. 3. The convective atmospheric bouudary layer.: Mean vertical profiles of 
potential temperature (P), wind speed (LU), and specific humidity (q) are 


superimposcd. 


surface. This reduces both the upward mixing of heat and moisture, leading to sharper 
vertical gradients in these parameters, and the downward mixing of momentum, resulting 
i Weaker surface winds than in the unstable case (Stewart, 1979). 

Ihe marine atmospheric boundary laver (MADL) differs from the ABL over land 
duc to the influence of the occan. The grcater heat capacity of the occan reduces the 
diurnal variations of surface heating, leading to a more constant depth for the NIABL. 
The source of moisture at the ocean surface allows greater vertical gradients of moisture. 
‘Also, as air flows over the ocean for long distances, its properties move towards equi- 
librium with the surface, leading to near-neutral stability of the MABL. Small variations 
in sea-surface temperature, and therefore stability, can have significant cflects on the 


structure of the MABL (Businger and Shaw, 1984). 


B. MARCH/APRIL MIZ CLIMATOLOGY 

l. Distinctive Features | 
Several unique features of the Arctic are important to the synoptic and local 
weather patterns of the region. Variations in these weather patterns force important 
modifications in the MABL through changes in the distributions of temperature, mo- 


mentum, and moisture. These features are tdentified im Sater er ai (1971) assume 


- 





Fig. 4. Climatological 700mb heights for Aprik Sater er al, 1971. 


davlight and darkness regimes and the circumpolar vortex, which are important for 
synoptic forcing. and surface ice cover and strong surface temperature mversions, ii- 
portant for local modification of the MABL. The combined importance of both 
svnoptic and local forcing of the atmosphere distingishes the Arctic regime. 

Distinctive davlight and darkness regimes in high latitudes are a result of the 
earth's axial ult. During winter, constant darkness contributes to a strong radiational 
heat loss at the earth s surface. In summer, total daylight reduces the net radiational 
loss at the surface. March and April mark the rapid transition from darkness to daylight 
regimes. Daylight increases from 9 hours in mid- March to 21 hours in mid-April, which 
encompasses MIZEX-87 (Schultz, 1987). 

The circumpolar vortex, another unique feature, 1s a large scale cold core low 
pressure region approximately centered on the North Pole, and the belt of upper-level 
westerlies that surround the low at its outer edge (Petterssen ei: al, 1956). The strength 


of this feature is usually associated with the packing of the 960 and 990dm isoheights 


on the 700mb surface, as seen in Fig. 4. High lautude cvclones and anticvclones are 
embedded in and are steered by this flow, and changes in the strength and shape of the 
Vortex can radically affect regional conditions (Sater et a/, 1971). During March and 
April, the vortex is in transiuon from its southernmost winter position to its 
northernmost summer positon, with weakening of its associated pressure and teni omi 
ature gradients. 

The polar ice cap. covering the central Arctic and a laree portion Of tie 
Greenland Sea, is a controling factor in the climatology of the area. The high surface 
albedo properties of snow and ice, combined with low solar elevation angles, promote 
continuing cold surface temperatures over the ice pack. Cold temperatures greatly re- 
duce the moisture capacity of air masses over ice compared to those over open ocean. 
Ice cover also insulates the atmosphere from the relatively warmer ocean below. The 
resulting moisture and temperature gradients near MIZ areas are strongly conducive to 
cvclogenesis and cloud formation. Therefore this factor is of great interest in discussions 
of weather patterns and boundarv laver structure in and around the MIZ. During 
March the 1ce pack has achieved its maximum coverage before spring warming causes 
retreat of the ice edge. Fig. 2 indicates the large extent of the ice during this pena 

Strong surface temperature inversions over the ice pack are a predominant fea- 
ture of the Arctic atmosphere through the entire vear. Arctic inversions are most often 
due to radiative cooling at the surface, creating stable ABL conditions, but elevated 
inversions mav form due to advection or subsidence, typically extending above 850imb 
(Vowincket and Orvig. 1970). This stable laver inhibits heat and moisture transfers 
across the inversion, creating a cold, moist laver near the surface and warmer ans 
above (Sater er al, 1971). In ice free areas. the warm ocean surface causes ele raras 
ersions due to positive heat flux and mixing, typical of unstable ABL conditions. 

Another important feature specific to the MIZ 1s the rapidly changing drag co- 
efficient (Cj) due to variable surface features. Pressure ridging. broken and jagged ice 
floes, and various tvpes of newly formed ice such as grease ice or pancake ice contribute 
to much higher values of C,in the MIZ than are measured in the central ice pack or over 
the open ocean (Guest and Davidson, 1987). This causes a drastic change in the for- 
maton of mechanical turbulence within the ABL over the short horizontal scales of the 
SI 

The combination of these unique features of the Arctic point out why ABL 
studies under various flow regimes along the ice edge are so important. Changes m the 


ABL structure. forced by flow along or across the MIZ and its variable surface 





Fig. 5. Mean sea-level pressures for April: Sater et al, 1971. 


conditions, result in changes in the transport of heat and moisture through the ABL to 
the upper atmosphere. Since the ability to forecast weather depends on a knowledge of 
these parameters, an understanding of changing ABL conditions is necessary for weather 
prediction in the region, and allows more accurate inputs for global prediction models. 
An understanding of the Arctic ABL has importance for ocean prediction as well. 
Downward transport of momentum from upper-level winds through the ABL to the 
surface drives ocean circulation and ice movement. Changes in ABL structure affect this 
, downward momentum flux, and therefore affect future ice movements and current fea- 
tures. 
2. Spring Climatology , 
The Greenland Sea MIZEX-87 experiment region is affected by several 
climatological synoptic-scale surface features. The 12-year climatological mean sea-level 
pressures for April are shown in Fig. 5. The spring MIZ surface svnoptic pattern 1s 


characterized by a weak and variable surface high over northern Greenland and a belt 
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D vile are are predominantly: Casterly due to the transitory cyclones to the 
solch (Sater ¢7 ai, 1971). 

The climatological movements of cyclones in this area are related to the mean 
pressure gradients discussed above, and are clearly shown in Fig. 6. The primary storm 
track extends fron the eastern coast of Iceland and continues to the northern tip of 
Norway, The secondary storm track follows the southeast coast of Greenland, then 
moves eastward passing just south of the Svalbard Islands. and into the decay region 
off northern Norway. 

3. Meteorological Conditions During MIZEX-87 

The synoptic and mesoscale meteorological features observed during MIZEX-87 
were examined and grouped into five distinct periods bv Schultz (1987). A time serres 
tc major meteortogical parameters observed durimg MIZEX-87 1s shown in Fig. 7. 
Pertod one. from 20-23 Mfarch, saw a high pressure region centered over the Fram Strait. 
During period two, from 24-27 March. a mesoscale boundary laver front formed just 
west of the Svalbard Islands and propagated westward across the Fram Strart. The high 
pressure system weakened during this period causing surface pressures to fall. The third 
Period Was from 28-31 March, when the MIZEX area was influenced bv a small scale 
low that stagnated and began to fill. In period four. from 1-3 April, the MIZEN area 
was agam under the influence of a high pressure system. A synoptic-scale low passed 
to the south during this period... During the fifth and final period, from 4-10 April. the 
MIZEX region was influenced by two svnoptic-scale lows. The first low moved slowly 
through the area along the secondary storm track, as seen in Frg. 6, and stalled SW of 
the Svalbard Islands on 5 April. A second low pressure system overtook and merged 
with the first low on $ April, creating a larger, more intense low with significant influence 
on the region. Specific wind regimes during these synoptic periods will be selected for 
detailed study of the vertical boundary laver structure. 

Groters (1988) and Schultz (1987), on examination of observed fields, concluded 
that during MIZEX-87 synoptic features were consistent with the climatology of the 
MIZEX region discussed earlier. The region was dominated by high pressure except 
during movement of synoptic-scale lows and the boundary laver front. Winds tended to 
be more northerly during MIZEX-87, contrary to the climatological easterly winds de- 
scribed by Sater ez al, (1971). This indicates reduced influence or a lower frequency of 


svnoptic-scale lows during this period. 
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Fig. 7.  Time-series of meteorolgical parameters duriug MIZEX-87 (Guest and 
Davidson, 1988). 


MM. DATA ACQUISITION AND PROCESSING 


A. DATA ACQUISITION 

Descriptions of the vertical boundary laver structure during MIZEX-87 were ob- 
tained from rawinsondes and surface laver measurements made from three surface ships 
operating in and around the MIZ. The research vessels Haakon Mosby, Polar Circle, 
and Valdivia launched radiosondes everv six hours, made visual surface observations 
everv three hours, and continuouslv recorded various meteorological data using ship 
mounted instruments. A list of the instruments and observed meteorological parameters 
on all ships appears in Table 1. 

l. Ship Configuration 

a. Haakon Mosby 

The Haakon Mosby collected data in the MIZ from 23 March through 1l 
April 1987. Surface data, including wind speed and direction, pressure, relative humidity 
and temperature were collected using a meteorological instrument station mounted 15 
m above the water line. Wind speeds were measured using propeller and cup 
anemometers. Wind direction was determined bv magnetic compass. providing accuracy 
within five degrees of true direction. Pressure was recorded using automatic pressure 
sensors. 

The above data were sampled continuously and results presented in this 
thesis represent ten-minute averages of these data. Guest and Davidson (1988) discuss 
in detail the various error sources for these meteorological instrument packages. 

b. Polar Circle 

iicwecramenele tccordcea IZ data [rom 23 March to 12 April 1987. The 
same parameters were measured on the Polar Circle as on the Haakon Mosbv, and were 
obtained using the same basic instrument package mounted 16 m above the water line. 
The only exception is that a sonic anemometer was used instead of the cup anemometer. 
Wind direction errors were much larger than for the Haakon Mosby due to extreme 
magnetic deviations introduced by the ship’s hull. Therefore, accuracy for wind direction 
is within 20° (Guest and Davidson, 1988). 

c. Valdivia 
The Valdivia collected data from 19 March through 3 April 1987. The 


Valdivia measured the same parameters as discussed for the other ships, except without 
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Table 1. SUMMARY OF METEOROLOGICAL MEASUREMENTS 


SHIP SAMPLE 
MEASUREMENT | INSTRUMENT LOCAT (EE 


a Propeller 
Be Anemometer PRCHKM VAL 
Nd Thermister (bow Mast) 
Hvgrometer 


Turbulent Sonic PRC TN Ec 
Vector ws ma Anemometer (Bow Mast) i 

Turbulent Hor Film PRG FRM 10 
Wind Speed Miniature Cups (Bow Mast) 


Temperature 
Humidity Rawinsonde PRC HENI ALC 4 per Dav 
Vector ‘anid 


10 Minute 


Sensible Iluman PRO HIN SW ver DR 
Seal state Observer (Bridge) ep a 


Inconung 
LC and SAY 
Radiation 


Pvranometer HAN I0 MENS 
Prec (Upper Deck 
Boundary 
¡Aer 
Structure 


ee Barometer PRC.HKM VAL 10 Minute 
TESSUre 


(PRC = Polar Circle. HKM = Haakon Mosby, VAL = Valdivia) 


NEOUSHT HKM 


Sounder (Upper Deck) 10 Minute 





any relative humidity measurement. Due to timing errors in the recording equipment, 
the onlv available data were those recorded during surface observations which occurred 
every three hours. Accuracies are similar to those discussed for the Haakon Mosbv. 
2. Rawinsondes 

Because of the importance of rawinsonde data to this study, a detailed dis- 
cussion of the characteristics of the rawinsondes used during MIZEX-$7 1s included for 
claritv. A total of 169 successful launches were made during MIZEX-$87: 66,48.and 55 
each for the Polar Circle, Valdivia, and Haakon Mosby respectively. The Polar Circle 
and Valdivia used rawinsondes and a receiving station manufactured by the VIZ Cor- 


poration to obtain vertical profiles of atmospheric parameters. The VIZ-Beukers 


I53000 RP Niicrosonde system was the receiving system used bv these two ships. 
The receiving station and rawinsondes allowed measurements of wind speed and direc- 
tion, as Well as pressure, temperature, relative humidity, and altitude. These radiosondes 
allow a sampling interval of every 10 seconds for a period of 50 minutes. providing a 
maximum of 300 vertical data points per launch. The wind speed and direction were 
measured using an Omega tracking system within the radiosonde. Air temperatures 
measured with this svstem were accurate to 0.2° C, with dewpoint temperatures accurate 
to 1.0° C. Altitudes were accurate to within 30 m. Wind speeds were accurate to 1.0 
m's except in regions of strong wind shear, where wind speeds were within 2.0 m.s 
(Guest and Davidson, 1988). 

The Haakon Mosbv used a RS-80 Microcora Upper Air Sounding system, 
manufactured by the Vaisala Corporation. The Vaisala sonde measured identical prop- 
erties as the VIZ sonde, also using an Omega tracking system for wind direction and 
speed. 

The vertical gradient of moisture is an important parameter in this discussion 
of boundary laver structure. Willis (1987) described a possible error in 377, of the 
radiosonde profiles used in her study of refractivity during M{ZEX-84. In the suspect 
profiles, the dewpoint temperature equaled the air temperature just below the inversion. 
indicating saturation. At the inversion base, dewpoint normally decreases with height. 
The profiles examined by Willis did not follow this pattern. The dewpoint was observed 
to remain saturated through the inversion and decrease sharply at a variable distance 
above the inversion. Willis suggested an instrument error in these cases due to possible 
frost formation on the humiditv sensor, and presented a correction method to reduce 
errors in the soundings. Groters (1988) examined MIZENX-87 radiosonde profiles for 
similar features in his studv of refractive conditions, and found that the suspect profiles 
occurred in only 13 of 169 launches. While Groters also considered potential instrument 
errors in the suspect profiles, he determined that the dewpoint problem was not extensive 


enough to warrant use of the correction scheme suggested by Willis. 


B. DATA PROCESSING 

Rawinsonde data sets serve as the primary source of data for this study. Initial 
processing of the data included sorting, reformatting, and checking for errors in individ- 
ual radiosonde data sets. Data display was achieved by a Fortran cross-section algo- 


rithm developed by the Department of Meteorology. Naval Postgraduate School. 


15 


The cross-section algorithm was modified to plot multiple radiosonde launches from 
the surface to 700mb. Data was processed to show both potential temperature (K) and 
specific humidity (g kg) as continuous lines. along with wind barbs every 10mb at each 
station. Specific humidity was computed based on vapor pressure calculations after 
Buck (1981). After potential temperature and specific humidity values were computed 
for each station in the cross-section, station data were projected onto a 50x50 plotting 
grid bv linear interpolation routines. Contours of the gridded data were then computed 
using a smoothed rational spline interpolation method that allows curves to turn back 
on themselves. In practice. these data projection and interpolation methods created ex- 
cellent cross-sections. However, with some data sets, the routines created bulls-eve fea- 
tures around isolated data points or plotted unusual features in data void regions. These 
unusual features Were easily allowed for in analysis of the various cross-sections exam- 
ined. 

Spatial cross-sections Were prepared when the Polar Circle, Hlaakon Mosby, and 
Valdivia Were in optimum positions. In other cases, time-sections for individual ships 


APRENDIDO 
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IV. FLOW REGIME STUDIES 


Observed data on the structure of the planetary boundary laver during MIZEX-$7 
were examined with respect to time and space variations in the inversion height, vector 
wind, temperature, and specific humiditv that resulted from changes in wind flow re- 
gimes. Three specific flow regimes were chosen for study: a) On-ice flow, which was 
Ensocated with easterlv surface winds from the Fram Strait onto the MIZ and ice pack: 
b) Off-ice flow. which was associated with westerlv surface winds from the 1ce pack and 
MIZ region towards the open ocean: and c) Parallel flow, associated with northeasterly 
winds flowing parallel to the ice edge. with the ice to the right of the wind. 

Esc emheanteperiods obf parallel flow with the ice to the left of the wind occurred 
during MIZEN-S7, therefore this case was not examined. Svnoptic-scale forcing for this 
tvpe of flow regime would tvpically involve high pressures to the southeast of the MIZ 
and low pressures to the west-northwest, a situation not favored during the spring period 


Mes area. 


A. FLOW REGIME SYNOPTIC PATTERNS 

An on-ice flow regime occurred from 00 UTC 26 March to 00 UTC 28 March 1987. 
On-ice flow developed sequentially from east to west across the Fram Strait, due to 
movement of a boundary laver front that had developed about 100 km west of the 
Svalbard Islands. The boundary laver front is a common arctic feature observed to form 
In association with the ice edge. The fronts are observed to develop at the boundary 
pen the cold dry aim of the central ice pack and the warmer moist air over open 
mater (Shapiro and Fedor, 1986). As a result of winds shifting to easterlies on 25 March. 
MI Sboundarv laver front moved rapidly across the Fram Strait and into the MIZEN 
area, stalled and dissipated. Although sea-level pressures dropped steadily from 1035mb 
to 1017mb during the period, an upper-level high persisted over the area. 

Emsoll-ıice flow resime occurred from 18 UTC 3 April to 06 UTC 3 April 1987. 
Svnoptic forcing for this regime was associated with the formation and movement of a 
svnoptic-scale low south of the MIZEX area. This low formed rapidly about 100 km 
east of Greenland at 06 UTC 3 April, and moved along the secondary storm track pre- 
sented in Fig. 6. The low stalled about 100 km southwest of the Svalbard 1slands at 12 
UPC 5 April. 
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A parallel flow regime occurred from 18 UTC 6 April to 06 UTC $ April 1987. 
Synoptic forcing during this time period was associated with a second svnoptic low 
forming at 06 UTC 4 April 100 km east of Greenland, similar to the low one dav before. 
This second low also moved up the secondary storm track. and merged with the first low 
southwest of Svalbard on $ April. The positions of these two lows with respect to the 


Greenland high caused parallel (southwest) flow through the MIZEX area. 


B. BOUNDARY LAYER STRUCTURE 
l. On-Ice Flow 

Just prior to the beginning of the on-ıce flow regime, the Polar Circle and 
Haakon Mosbv transited from Tromso, Norway to begin experiment operations. The 
Valdivia had been on station for several davs near 78? N 0? E, her northern-most posi- 
tron during the expermment. and was underway, moving southward parallel to the 
Svalbard coast then southwest towards the north-south protion of the MIZ. west of the 
Fram Strait. The relative positions of the three ships, shown with vector surface winds 
in Fig. $. provided a linear arrangement useful for spatial cross-section analysis of the 
radiosonde data. This linear arrangment tends NW-SE on 26 March. and rotates to 
early N-S bv 23 March. 

The sea-level pressure analvses for 00 UTC 26 March and 00 U1l@ 27 Saas 
are shown in Fig. 9. From 00 UTC 24 March to 00 UTC 25 March 1987, a boundary 
laver front was observed to form 100 km west of the Svalbard Islands. in associate 
with an inverted trough that had developed over the Fram Strait. Decay of the trowen 
caused easterly flow across the strait, resulting in an outbreak of Arctic dir and advection 
of the front advected rapidly westward, reaching the MIZ by OOI CE 
Movement of this front across the Fram Strait is important because 1t precedes the shift 
in winds to on-ice (easterly). Another reason to document the movement of this front 
In this case is that it illustrates the rapid modification of a polar air mass due to the open 
waters of the Fram Strait. A NOAA-1O Channel 4 (10.5 - 11.5 um) satellite photo pre- 
sented in Fig. 10. shows the position of the front during its movement across the strait. 
Frontal passage first occurred at the Valdivia between 03 LIC and 0G Zion 
March. Passage of the front was marked bv winds veering to southeasterly and in- 
creasmg to 15 m/s, cloudiness increasing from 3/8 stratocumulus to 8/8 stratus, a sharp 
drop in temperature from -4.5*C to -10.5^C, and snow showers. Similar weather features 
were observed at the Haakon Mosbv and the Polar Circle during frontal passage at 14 
LIC 26 March and 25 LIC 26 March Te 
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OAA-10 AVHRR Channel 4 photo for 1658 UTC 26 March 1987. 
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Rawainsonde profiles observed at the Polar Circle, Haakon Mosby, and Valdivia 
are presented in Fig. 11, Fig. 12, and Fig. 13, respectively. All @rawinsonde proms 
shown in this thesis have the following kev. The bold solid line is potential temperature 
(0). The dashed line is potential dewpoint temperature (@,). Both of these use the bot- 
tom scale in ^C. The light solid line is specific humidity using the top scale in y kg. 

Examination of the rawinsondes for the various ships point out major changes 
in the structure of the boundary laver due to passage of the front and subsequent on-ice 
flow. Valdivia profiles (Fig. 11) reveal a strong inversion between $00 and 900mb prior 
to frontal passage. Polar Circle radiosonde profiles (Fig. 12) and Haakon Mosbv pro- 
files (Fig. 13) also show the presence of strong inversions between 500 and 1000mb. 
Ihe approach and passage of the boundary laver front causes rapid rising and de- 
struction of these low-level inversions and establishment of a deep mixed layer. Winds 
veer to the southeast and strengthen as the front successivelv passes each ship, estab- 
lishing an on-ice flow regime across the entire Fram Strait region by 00 UTC 27 March. 

A spatial cross-section roughly perpendicular to the front at 12 UTC 26 March 
is shown in Fig. 14. All cross-sections and time-sections presented in this thesis have 
the following key. Solid lines indicate @ in K. Dashed lines indicate specific humidity 
in g kg. Winds are reported in m s approximately every 10mb, and with speeds indicated 
bv barbs (full barb = 5 ms, half barb = 2.5 m's). 

The cross-section at 12 UTC reveals structural features of the boundary laver 
during frontal passage. At 12 UTC the front 1s well past the Valdivia at the eastern end 
of the cross-section, but has not completely moved past the Haakon Mosby, which re- 
corded passage at 14 UTC. Easterly (on-ice) winds have been established at both the 
Valdivia and the Haakon Mosby. 

The isentropes in the 12 UTC cross-section exhibit very strong tilting from west 
to east across the Fram Strait. This is due to the cold air outbreak from the Svalbard 
ice-pack moving West rapidly enough to maintain its polar characteristics in spite of the 
increased heat and moisture flux over the open water. The relatively warm air aloft over 
the western end of the cross-scetion is indicative of subsidence from the upper-level high. 
The Valdivia sounding, at the eastern (right) end of the cross-section, has evenlv spaced 
Isentropes throughout the vertical, with moderate gradients, indicating neutral stability. 
A weak inversion at 930mb (600m) appears to indicate that increased heat flux over the 
ocean is beginning to modifv the polar air mass, and establish a mixed layer over the 
eastern Fram Strait. A strong moisture gradient not coincident with the weak inversion 


is noted at 850mb (1200m). with extremely cold dry air above TMS miar 
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Fig. 1]. Valdivia rawinsonde profiles for 26 March 1987: Bold solid line is 0. 


Dashed line is 0,. Light solid line 1s q 


unmodified polar air mass from the Svalbard ice pack. Winds remam casterlv 
throughout the vertical, with a small reversal at 850mb coincident with the moisture 
gradient. This wind shift seems to mark the depth of the boundary layer at this point. 
The profile from the Haakon Mosby, over the central Fram Strait, shows a dip 
In potential temperature between 900 and !00Umb, perhaps associated with frontal pas- 
sage, and slight packing of the isentropes near the surface. Above 900mb, Isentropes are 
again evenlv spaced indicating neutral stability with no inversions noted. A strong 
moisture gradient occurs at 850mb (1500m) with extremely dry air above. This is again 


associated with a wind shift aloft, marking the boundary layer, and appears to extend 
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Fig. 12. Polar Circle rawinsonde profiles for 26 March 1987: Parameters as in 


Pig. 11 


completely across the Fram Strait. Another interesting feature of the wind proftle 1s the 
that the wind maxima associated with frontal passage appears between 930mb and 
S60mb, but has not penetrated to the surface. 

The Polar Circle, at the western end of the section, has not vet recorded treme 
passage and olf-ice flow exists, although mversion heights at the Polar Circle have been 
rising steadily over the last 24 hours, as can be seen in the rawinsonde profiles shown in 
Fig. 13. At lower levels, a laver well mixed in temperature and moisture extends from 
the surface to 900mb (1000mb) where it 15 capped by a strong inversion coincident with 


a moisture gradient. This very moist well-mixed laver appears to extend eastward 
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Fig. 13. Haakon Mosby rawinsonde profiles for 26 March 1987: Parameters as in 


Fig. li 


bevond the capping inversion nearly to the front itself. Above the inversion, moderate 
gradients in temperature and moisture extend to 70Umb. A wind shift from westerly to 
southerly occurs at the inversion. 

The front continues to be advected westward during 26 March. Pig. 15 presents 
a cross-section observed at 18 UTC 26 March, six hours later. By this time the boundary 
laver [ront has passed the Hlaakon Mosbv, and has approached the Polar Circle's posi- 
tion at the MIZ, with easterly surface winds recorded at all three ships. The inversion 


previously noted at the Polar Circle has risen from 900mb to 860mb and weakened. 
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Fig. 14. Cross-section for 12 UTC 26 March 1987: Solid lines are 0 in. ^k. 
Dashed lines are q in g. kg. (PRC = Polar Circle, IIKM! = Haakon 
Mosby, VAL = Valdivia) 


Below the inversion the layer appears well mixed, but the wind shift at the inversion 1s 
much weaker, with southeasterly winds extending to 700mb. 

At the Hlaakon Mosby, the sharp dip in the isentropes noted earlier 1s between 
860mb and 970inb, and appears associated With a region of strong winds in the layer. 
A wind shift at S60mb from southeasterly to southwesterly is noted, but the shift ts not 
associated With any temperature inversion or moisture gradient. Further aloft, another 


wind shift occurs near 740mb associated with a weak inversion that has formed at this 
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Fig. 15. Cross-section for 18 UTC 26 March 1987: Parameters as in lig. 14 


level. At the Valdivia the temperature profile 1s simular to that previously described, but 
the strong moisture gradients noted earlier have dissipated. 

Overall, this later spatial cross-section shows two major changes in the lower 
atmosphere due to continued frontal movement and easterly winds across the Fram 
Strait. First, the strong slope m the isentropes noted at 12 UTC has flattened consider- 
ably. Second, the very strong gradients in moisture noted around 850mb have dissi- 
pated. This indicates that the characteristic features of the boundary laver front and 


polar air mass have weakened considerably, and that the front is begimning to dissipate. 
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This 1s due to the strong heat and moisture fluxes over the open ocean causing rapid 
modification of the polar air mass. 

Fig. 16 shows a cross-section observed at 12 UTC 27 March 1S hours deum 
after the establishment of on-ice flow. The positions of the ships for this later cross- 
section are shown in Fig. 17. Most striking 1s the absence of strong gradients of tem- 
perature or moisture in the boundary laver. A deep well-nuxed laver extends to S50mb 
(1400m) at the Polar Circle with no temperature inversion present. A moderate moisture 
gradient occurs near 880mb. below a wind reversal near 820mb. A weak inversion is 
noted near 730mb (2700m). At the Haakon Mosby the mixed laver extends to 900mb 
(500m) and is capped bv a weak subsidence inversion. A wind reversal from 
southeasterly to northwesterlv occurs at $50mb. 

A mixed laver extending to $70mb was observed at the Valdivia, the southern- 
most ship in the section. This mixed layer was capped by a weak subsidence inversion. 
The vertical wind profile recorded bv this radiosonde shows Irght and variable winds 
from northwest and north throughout the lower atmosphere, although southeast winds 
were still recorded at the surface. The remainder of the off-ice wind period was charac- 
terized by deep, moist mixed lavers capped by weak, high mversions. 

To contrast features observed m spatial cross-sections. Fig. 18 shows a single 
ship time-section observed at the Polar Circle. In the time-sections presented, the Game 
axis increases from left to right. The use of a time-section provides another view of 
modification of the boundary laver with the onset of on-ice winds. The inversion noted 
near 900mb at 12 UTC 26 March rises rapidly and is destroved with passage of the front 
and establishment of on-ice winds. Bv 18 UTC 27 March the on-ice flow regime has 
stabilized, and a weak inversion has formed near 730mb. [hat inversion caps a mixed 
laver that has deepened from 800m to nearly 2500m in the 24 hours since the shift to 
On-ice winds, which is a signifrcant change in the boundary laver. The trme-sectron also 
shows an overall trend towards decreasing temperatures in the upper boundary laver, 
with a decrease of nearly 11 K at S00nib during the 30-hour period shown in Fig. 1$. 

Another interesung feature evident in this time-section is the weakening of the 
vertical temperature gradient at mid-levels during frontal passage (between 18 UTC 26 
March and 06 UTC 27 March). This feature is similar to the dip in the tsentropes seen 
in the cross-sections of 12 UTC and 18 UTC 26 March (Fig. 14 and Fis. 15). Fromme 
surface to 860mb a warming trend is evident prior to frontal passage, increasing nearly 
4 K at the surface. This is associated with a strong increase in specific humidity from 


1.4 a kg to 3.0 g Kg near the surface. Above 860mb. the temperatures drop rapidly 
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Fig. 16. Cross-section for 12 UTC 27 March 1987: Parameters as in Pig. 14 


during the same time interval. After passage and dissipation of the front (00 UTC to 
12 UTC 27 March), the vertical temperature gradient increases again, with. decreasing 
temperatures and drving near the surface and dropping temperatures aloft. This feature 
may be indicative of increased turbulence due to buoyancy forces in addition to me- 
chanical turbulence in the thick clouds associated with the front. The increase in 
lower-level morsture appears to be related to the mcreasing temperatures at the surface 
during frontal passage. 

Clearly, both dvnanuc and thermodynanuc processes Were important to the de- 


velopment of observed features during this frontal passage. The dynamic processes 
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Fig. 17. Ship positions for 27 March 1987, with vector surface winds: Polar Circle 
= o, Haakon Mosby= ©, Valdivia = V 
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Fig. 18. Time-section of Polar Circle soundings for 26/27 March 1987: [sentropes 


and isohumes. Time increases from left to right. 


maintaining the integrity of the boundary layer front and the thermodynanmics associated 
with the temperature changes across the frontal zone both contribute to the features 
observed. The relative importance of each are diflicult to determine with this data set. 
Increased spatial resolution would allow better definition of the frontal zone and a more 
quantitative analvsis. il 

During on-ice flow, several important features of the boundary laver and lower 
atmosphere were noted. On-ice flow was preceded bv a cold air outbreak from the 


Svalbard ice-pack and an associated boundary layer front. Approach and passage of the 


>) 


front led to rapid lifting and destruction of inversion lavers. Continued on-ice flow al- 
lowed modification of the air mass by strong heat and moisture fluxes due to the open 
ocean. This resulted ina MABL with a deep, moist mixed laver capped by high, weak 
inversions, characteristic of a near neutral MABL. as it flowed onto the MIZ. 

2. Off-ice flow 

An off-ice flow regime in the MIZEX area occurred from 00 UTC 4 April to 06 
LIC 5 April 1987. Fig. 19 presents the sea-level pressure analvsis observed at 1200008 
3 April. Svnopuc forcing was due to formation and movement of a cyclone south of the 
MIZ. and establishment of pressure gradients favorable to off-ice flow in the region. 
Fig. 20, the NOAA-10 AVHRR Channel 4 photo taken at 1022 LTC 4 April, shows 
that the Fram Strait and MIZ are largelv obscured due to the cirrus blow-off of the 
cyclone. Sea-level pressures decreased from 1033mb on 2 April to 1014mb on 4 April, 
remaining steadv during the flow regime. Cloudiness reported by the Polar Circles 
S$ stratus and fractostratus at 00 UTC 4 April decreasing to 48 stratus and 
fractostratus during 4 April, then increasing to 8/8 stratus on 5 April. Haakon Mosby 
reported §, 8 stratocumulus decreasing to 3 $ stratocumulus from 15 UTC to 18 UTC 4 
April, then a rapid increase to $ $ stratocumulus bv 00 UTC 5 April. 

The positions of the ships during ofl-ice flow are shown with vector surface 
winds in Fig. 21. Both the Polar Circle and the Haakon Mosbv were located at or near 
the ice edge during the regime within SO km of each other. The Valdivia departed the 
experiment area on 5 April and was no longer recording data. Due to the small number 
of ships in the area, time-sections of the sounding data proved the only useful means of 
data display. 

A single ship time-section observed at the Polar Circle 1s presented in bie e 
Parameters are as previouslv described for Fig. 14, with the time axis increasing from 
left to right. The associated rawinsonde profiles are shown ın Fig. 23. Prior (once 
tablishment of off-1ce flow on 4 April. winds at the Polar Circle veered from easterly (00 
UTC 3 April) to westerly (1S UTC 3 April) due to passage of the svnoptic-scale low to 
the south, and have diminished from 5 m's to less than 2.5 m's. This 1$ accompanied 
by rapidly decreasing temperatures near the surface. Polar Circle reported a decrease in 
temperature from -4°C to -11°C associated with this wind shift. A very strong surface 
based inversion developed during this period, with both temperature and specific 
humidity increasing with height. Above the surface inversion, temperatures assume a 
stable lapse rate. Moisture ts initially smoothly distributed from the inversion to 700mb. 


Hlowever, a strong moisture gradient appears aloft near 750mb, lowering in height and 
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Sea-level pressure analysis for 12 UIC 4 April 1987. 


Fig. 19. 
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NOAA-10 AVHRR photo for 1022 UTC 4 April 1987. 


34 





MIZEX 4 APRIL 1987 


Fig. 21. Ship positions for 4 April 1987, with vector surface winds: Polar Circle 
= o, Haakon Mosby = o). 
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intensifying to around $00mb by 00 UTC 4 April. This may indicate increasing 
subsidence in the region. 

By 00 UTC the off-ice regime is well established at the Polar Circle) aid) mee 
have increased slightlv to above 2.5 m,s. This has caused the surface based inversion to 
lift. rnsing to $60mb, and becoming coincident with the moisture gradient. Thus initial 
inversion laver continues to rise and weaken. becoming a broad stable layer between 
900mn and 800mb by 18 UTC 4 April. The moisture gradient due to subsidence con- 
tinues to drop, stabilizing near 900mb by 18 UTC. 

The trend towards decreasing surface temperatures has continued during this 
period. The Polar Circle reported a further decrease from -11°C to -17 © By 1200 is 
April. This is accompanied by the formation of a second surface inversion between 00 
UTC and 12 UTC. This second inversion also rises from the surface during continued 
off-ice flow. settling near 970mb coincident with an increasing moisture gradient. From 
12 UTC 4 April to 06 UTC 5 April. the inversion caps a very thin well-mixed layer fromm 
the surface to 980mb. 

The single ship time-section observed at the Haakon Mosby during off-ice flow 
Is shown in Fig. 24, with parameters as in Fig. 14. The associated rawinsonde profiles 
are shown in Fig. 25. The Haakon Mosby time-section and rawinsondes have features 
similar to those seen at the Polar Circle. From 12 LTC to 18 UTC 3 Apmijpnoer tome 
establishment of off-ice flow, Haakon Mosby recorded strong southeasterly flow. with 
no inversions or strong moisture gradients noted from the surface to 700mb. A rapid 
shift in winds from southeasterly to westerly along with dropping wind speeds occurred 
between 18 UTC 3 April and 00 UTC 4 April. This was associated with rapidly dropping 
temperatures at the surface (-3°C to -16°C during the period) and the development of a 
strong surface based inversion extending to 980mb. A second inversion 1s noted near 
960mb A sharp decrease in upper-level moisture by 00 UTC is again associated with 
increasing subsidence aloft in the region. 

By 06 UTC 4 April, the two inversions noted at 00 UTC have lifted and stabi- 
lized. The lower inversion is located near 960mb, and caps a laver of sharply decreasing 
specific humudity towards the surface. The second, upper inversion, 1s located near 
S30mb coincident with a decreasing moisture gradient due to subsidence. Between the 
two inversions is a relatively moist layer well-mixed in temperature. A wind shift near 
S50mb is associated with the upper inversion throughout the period. This condition 


persisted until the end of the off-ice flow regime at 06 UTC 3 April. 
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Fig. 22. Time-section of Polar Circle radiosondes for 3/4 April 1987: Parameters 


asin Fig. 14. 


Common features were observed at both ships during this off-ice case. Onset 
of the off-ice flow was accompanied by rapidly dropping temperatures at the surface and 
development of surface based inversions. Continued off-ice flow resulted in lifting and 
-—spliting of the surface inversions creating dry regions near the surface and aloft, with a 
relatively moist region between the two inversions. Several factors may contribute to 
formation of the observed features during this flow regime. The ABL encounters in- 
creased heat flux at the ıce edge causing increased convective turbulence and decreasing 


stabilitv.. However, increased surface roughness at the MIZ would increase mechanical 
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Fig. 23. Polar Circle rawinsonde profiles for 4 April 1987: Parameters as Im 


Fig. ll. 


turbulence as well. It is difficult to assess the relative importance of cach without in- 
creased spatial resolution of the data points. 
3. Parallel Flow 

A parallel flow regime (northerly flow with ice to the right of the wind) occurred 
from 00 UTC 7 April to 06 UTC 8 April. Fig. 26presents the sea-level pressure analvsis 
for 12 UTC 7 April 1987. Synoptically, the juxtaposition of a stalled low pressure center 
near Svalbard, a newly developed cyclone south of the MIZ, and a strong high pressure 
region over Greenland forced northerly winds throughout the Fram Strait/M1Z region. 


The NOAA-9 AVIERR Channel 4 photo for 0533 UTC 7 April shown in Pica 
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Fig. 24. Time-section of Haakon Mosby radiosondes for 3/4 April 19857: Parame- 


ters as in Fig. 14. 


clearly shows N - S tending cloud streets indicative of flow along the Greenland Sea 
MIZ. Average wind speeds of 6.5 m/s and 8.5 m/s were recorded by the Polar Circle and 
‘the Haakon Mosby, respectively. Sea-level pressures rose slightly from 1014dmb to 
1016mb at the Ilaakon Mosby and from 1016mb to 1018mb at the Polar Circle. indt- 
cating the increased influence of the Greenland high. Cloudiness observed bv the Polar 
Circle decreased from 8/8 stratus at V0 UIC 7 April to 1,8 altostratus and cirrus by 00 


UTC 8 April, then increasing rapidly to 8/8 stratus by 12 UTC 8 April. Haakon Mosby 
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Fig. 25. Haakon Mosby rawinsonde profiles for 4 April 1987: Parameters as m 
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rcported 6/8 stratus at 00 UTC 7 April decreasing to 2,8 stratocumulus and cumulus by 
IS UTC 7 Apri, then a rapid increase to 6,8 stratus on 8 April. 
| The position of the ships on 7 April is shown with. vector surface winds in 
Fig. 28. The Polar Circle remained near 77°N 5°W from 7 to $ April, located well 
within the ice pack. The Haakon Mosby was located 180 km northeast of the Polar 
Circle in open ocean. The relative positions of the ships during parallel flow is important 
because they are in fact sampling different environments. At the Polar Circle, air parcels 


during parallel (northerly) flow would have trajectories that cross ice only for several 
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Fig. 27. NOAA-9 AVHRR Channel 4 photo for 0533 UTC 7 April 1987. 
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hundreds of kilometers prior to measurement. This should cause cooling of the atmos- 
phere due to negative heat flux at the ice surface, and therefore stable ABL conditions. 
However, at the Haakon Mosby air parcles would flow across an ice edge (off-1ce) 100 
to 400 km to the north. and would experience modification by the open ocean prior to 
measurement. These differences are readily noted in the data of each ship. 

A single ship time-section observed at the Polar Circle is presented in Fig. 29. 
with parameters as in Fig. 14. The associated rawinsondes are displaved in Fig. 30. 
The Polar Circle time-section reveals boundary layer features expected from over-ice 
trajectories. Just prior to the establishment of parallel flow, relatively warm, moist 
conditions associated with light easterly (on-ice) flow were observed at the Polar Circle. 
Between 18 UTC 6 April and 06 UTC 7 April, winds backed from easterly to northerly 
and increased to 6 ms. A rapid decrease in potential temperature, from 267 K to 239 
and specific humidity, from 2.3 g ke to 1.3 g'ke. occurred at the surface as a result 
of the wind shift, and a verv strong elevated inversion formed near 960mb. Above the 
inversion. a drv region is noted between 950mb and 900mb, with a strong decrease in 
moisture above $$0nib. 

Between 06 UTC and 12 UTC 7 April a shght wind shift from northerly to 
northeasterly has dramatic effects near the surface. The rapidly decreasing temperatures 
experienced early in the parallel flow regime are reversed as Warmer air advected over the 
ice, With surface temperatures increasing from 259 K to 263 K associated with an ın- 
crease in moisture. The strong inversion noted near 960mb weakens considerably and 
the dry region above it has dissappeared. Changes above 900mb due to this short du- 
ration Wind shift appear minimal. 

iios po yeonl, northerly flow has been re-established, and the rapidly de- 
creasing temperatures due to over ice trajectories continue through 00 UTC. This con- 
tinued cooling of the ABL causes the formation of a deep surface layer, marked bv a 
surface-based inversion extending to nearly 890mb. Surface temperatures recorded by 
the Polar Circle during this period of northerly flow reached -20°C (@= 250 K), the 
coldest temperature recorded by any ship during MIZEX-87. Formation of the surface 
inversion is again associated with a dry region from 970mb to 900mb. This dry region 
remains a significant feature of the boundary layer through 06 UTC $ April and the end 
of the flow regime. 

A strong elevated inversion is also noted near $30mb at 18 UTC April, marked 
by sharp gradients in both temperature and moisture. This inversion appears to be a 


continuation of weak inversion features noted at 06 UTC and 12 UTC, which were 
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MIZEX 7 APRIL 1987 


Ship positions for 7 April 1987, with vector surface winds: Polar Circle 


= o, Haakon Mosby = ©. 
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Fig. 29. Time-section of Polar Circle soundings for 7/8 April 1987: Parameters 


asın Fig. 14. 


marked by moisture gradients only. These secondary inversion features appear to par- 
alle] development and deepening of the surface laver from 06 UTC to I8 UTC, rising 
from 890mb to 830mb. This elevated inversion dissappears by 00 UTC 8 April. 

Above 800mb, the trend towards rapidlv decreasing temperatures at the surface 
appears offset by a slightly higher temperatures aloft, increasing approximately 2°K 
from 00 UTC to 18 UTC 7 April. This mav be due to increased subsidence from the 
Greenland high during this period. After 18 UTC, temperatures above 800mb show 


minor decreases through the end of the flow regime. 
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Fig. 30. Polar Circle rawinsonde profiles for 7 April 1987: 
Hg. 11. 


Parameters as m 


Fig. 31 displays the single ship time-section observed at the Ilaakon Mosby, 
with parameters as in Tig. 14. The associated rawinsonde profiles are presented in 
lig. 32. The Haakon Mosby time-section shows similar trends of decreasing surface 
temperatures and weak upper-level temperature increases during the parallel flow re- 
gime. However the boundary laver features observed more closely resemble features 
observed during the oll-ice low discussed earlier, as might be expected considering the 


air parcel trajectories. The establishment of parallel flow at 00 UTC 7 April 1s associated 
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Fig. 34. Time-section of Haakon Mosby soundings for 7/8 April 1987: Parameters 


asin Fig. 14. 


with decreasing temperatures and reduced humidity. However the temperature decrease 
is much more gradual, falling from -5*C at 00 UTC to only -12°C by 18 UTC, on 7 April. 

Exanunation of the time-section observed from the Haakon Mosby shows de- 
velopment of a weak surface-based inversion from 00 UTC 7 April through 06 UTC 8 
April associated with a sharp increasing moisture gradient from the surface to 980nib. 
Above the surface inversion, a well-mixed laver extends from 980mb to 930mb, capped 
by an elevated inversion near 900mb. From 900mb to 700 mb the atmosphere remains 


stably stratified, and a third weak inversion 1s seen to appear near 800mb from 06 UTC 
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Fig. 32. Haakon Mosby rawinsonde profiles for 7 April 1987: Parmeters às in 
Fig 1i. 


IS UTC 7 April. The overall structure of the boundary layer at the Tlakon oroni 


remains constant through the end of the flow regime once parallel flow becomes firmly 


~ 


established. 

During the parallel flow case, contrasting features in the ABL were observed at 
the Polar Circle and [Haakon Mosby due to their respective positions. Polar Circle re- 
ported development of a strong surface based inversion and elevated inversion features, 
rapidly decreasing surface temperatures, and several alternating morst and dry layers in 


the vertical. Formation of multiple elevated inversions with moderately decreasing 
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surface temperatures were observed at the Haakon Mosby. with development of a moist 
well-mixed mid-laver with drv regions near the surface and aloft. The multiple surface 
and elevated inversions and vertical variations in moisture observed at both ships mar 
be indicative of the interleaving of inversions discussed in Guest er al (1958). These 
complex interactions mav be due to differential advection caused bv local circulation 
features. Another possibility is layer overturning due to variations in. ABL stability 
across the ice edge. These strong variations in the ABL over the short horizontal scales 
of the ice edge illustrate the extreme complexity of the ABL under parallel flow condi- 


tions. 


49 


V. SUMMARY AND RECOMMENDATIONS 


A. SUMMARY 

The focus of this thesis has been the documentation of boundary laver phenomena 
in the MIZ resulting from specific flow regimes with respect to the ice edge. "Than 
allowed the examination of specific boundary laver features, such as inversions and 
mixed lavers, as thev form and develop under the influence of differing physical proc- 
esses. Three wind flow regimes were examined: on-ice flow, off-ice flow, and flow par- 
allel (6 tle (ee euer, 

On-ice flow was preceded by a cold air outbreak and an associated boundary laver 
front moving rapidly westward across the Fram Strait. Approach and passage of the 
front resulted in lifting and destruction of inversion layers in the MIZ ALTECO TEE 
on-ice flow showed development of a near-neutral MABL due to oceanic modification 
of the lower atmosphere. This MABL was characterized bv a deep, moist mixed amas 
capped bv high. weak inversion lavers. 

Onset of off-ice flow resulted in rapidly dropping surface temperatures and the de- 
velopment of surface-based inversions. Continued off-ice flow was associated with lift- 
ing and splitting of the surface inversions into multiple low-level inversion features. 
Specific humidity was highest between the inversions at mid-levels with dry regions near 
the surface and aloft. In general, stable ABL conditions were experienced in the MIZ. 

Parallel flow was characterized by strongly varving ABL conditions across the MIZ. 
Over the ice. parallel flow resulted in rapidly decreasing surface temperatures and de- 
velopment of deep surface and elevated inversion features, characteristic of a stable 
ABL. Open-ocean measurments showed development of multiple elevated inversions, 
with a moist mixed laver between inversions and dry regions near the surface and aloft. 
The differences in these two ABL regimes only a short distance apart illustrates the ex- 
treme complexity of the ABL vertical structure during parallel flow. 

In all of the cases examined, the role of synoptic forcing was to establish pressure 
gradients favorable for the basic flow regimes studied. Within a framework of the vari- 
ous flow regimes, boundary laver processes such as the transport of heat, moisture and 
momentum along with mesoscale differential advection appeared to be important for 


development ol Cam nes 
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B. RECOMMENDATIONS 

‘A complete understanding of the unique boundary layer phenomena of the 
Ewmcenland Sea Fram Strait \I]Z wil require continued study of more complete data 
sets. The MIZEX-$7 data presented in this thesis 1s sufficiently detailed to establish 
basic features of the boundary laver, and to qualitativeiv discuss the importance of var- 
10us physical processes. However, emphasis on data collection at mesoscale intervals 
would provide the detailed data required for quantitative analysis of the unique atmo- 
Spherie processes associated with the MIZ, and allow determination of their relative 
importance within the boundary laver. In addition, a more thorough description of this 


dynamic region Will lead to a better understanding of the Arctic as a whole. 


Sl 


LIST OF REFERENCES 


Anderson, R.J.. 1957: Wind stress measurements over rough ice during the 1984 Mar- 
einal Ice Zone Experiment. J. Geoplivs. Res., 92; 69535-69208 


Buck. A.L.. 1981: New equations for computing vapor pressure and enhancement fac- 
tor. J. Applied Meteorology, 20, 1527-1532. 


Businger. J.A. and W.J. Shaw, 1984: The response of the marine boundarv laver to 
mesoscale variations in sea-surface temperature. Dyn. Anos. and Oceans, 8, 
OTS 


Fairall,. C.W.. and R. Markson. 1987: Mesoscale variations in surface stress, heat umes 
and drag coefficient in the marginal ice zone during the 1983 Marginal Tees 
Experiment J. Couris Kos Y E oe 


Guest, P.S.. and K.L. Davidson. 1987: The effect of observed 1ce conditions on temm 
coefficient in the summer East Greenland Sea marginal ice zone JaCo S 
92, 0945-6955; 


Guest. P.S.. and K.L. Davidson, 1988: MIZEX 57 Meteorology Atlas, Naval POSTER 
uate School Report. NPS-63-8$-004. Monterey. California, 137 pp. 


Guest, P.S.. K.L. Davidson. and C.A. Vaucher. 1988: Atmospheric boundary dave E 
tures observed in the spring marginal ice zone. Preprints from Second AMS Con- 
ference on Polar Meteorology and Oceanography, Madison, Wisconsin, 29-31 
Naren. 1988. pp. 73-74 


Groters. D.J., 1988: The temporal and spatial variabihtv of the marine atmospheric 
boundary laver and its effect on electromagnetic propagation in and around the 
Greenland Sea marginal ice zone. Master Thesis, Naval Postgraduate School, 
Monterev. California, 111 pp. 


Johnson, D.R.. and J.D. Hawkins, 1987: The marginal ice zone experiment dts m 


European Science Notes, 41, 567-570. 


Johnson. G.L., D. Bradley and R.S. Winokur, 1983: United States SeeunitszInteresisın 
the Arctic. United States Arctic Interests in the 1980's and 1990's. Springer-Verlag, 
NEW ork, 309 9D: 


Johannessen, O.M., 1987: Introduction: Summer marginal ice zone experiments during 
1983 and 1984 in Fram Strait and Greenland Sea. /. Geophys. Res., 92, 6716-67158. 


Kantha. L.H. and G.L. Mellor, 1988: A numerical model of the atomspheric boundary 
laver over a marginal tce zone. unpublished. 


Kellner, G.. C. Wamser and R.A. Brown, 1987: An observation of the planetary 
boundary laver in the marginal ice zone. J. Georgs Rosa 7 7 


Un 
lo 


Lenschow, D.H.. 1986: Introduction. Probing the Atmospheric Boundary Laver, DI. 
len on. Ele samen MMleteor. Soc., Boston. 1-3. 


Merbs. A.. 1988: Petroleum industry research in Arctic and subarctic frontier areas. 
Arctic Research of the United States., 2, 24-26. 


s cndgs LE. ROM. Revnolds and C.H.Peas&& 1983: A model of the atmospheric 
boundary laver over the marginal ice zone. J. Geophvs. Res., 88, 2836-2840. 


Overland, J.E.. 1985: Atmospheric boundary layer structure and drag coefficients over 
Seance, J. Amos. Sci., 42. 9029-909. 


Overland, J.E., 1988: A model of the atmospheric boundary layer over sea ice during 
winter. Print, Second conference on Polar Meteorolgy and Oceanography, Amer. 
Meteor. soc, March 29-31. 1988. Madison. Wisconsin, 69-72. 


ISE. ANC. Jacobs. and B.C. Haynes, 1956: .Mereorologv of the Arctic. Naval 
Operations for Polar Projects (OP-03A5), Washington DC, 207 pp. 


Fer LEE. AG. Ronhovde. and L.C. Van Allen. 1971: Arctic Environment and Re- 
sources. The Arctic Institute of North America, Washington DC, 309 pp. 


ONU OR R.. 1987: Meteorological Features During the Marginal Ice Zone Exper- 
iment from 20 March to 10 April 1987, Master Thesis. Naval Postgraduate School. 
Mienterer, California. SÓ pp. 


Sapo. MA. and L.S. Fedor. 1986: The Arctic Expedition. 1984: Research aircraft 
observations of fronts and polar lows over the Norwegian and Barents Sea. Part 
Me OAR TONS PROJECT Technical Report ivo. 20. 560 pp. 


Stewart, R.W., 1979: The Atmospheric Boundary Layer. World Meteorological Organ- 
zation No. 523, 44 pp. 


E unchel E. and S. Orvig. 1970: The climate of the North Polar Basin. World Surver 
of Climatologv: Vol. 14, Climates of the Polar Regions, S. Orvig, Ed.. Amsterdam. 
micevier, 129-252. 


Bells Z.S.. 1957: The Spatial and Temporal Variability of the Arctic Atmospheric 
Boundary Layer and Its Effect on Electromagnetic (EM) Propagation, Master 
Thesis. Naval Postgraduate School, Monterey, California, 108 pp. 


Wyngaard, J.C.. 1973: On surface layer turbulence, Workshop on Micrometeorology, 
[Pee Hausen, Ed.. Boston, Amer. Meteor. Soc., 101-148. 


Westermever, W.E., 1984: United States Arctic Interests: Background for Policy. United 
States Arctic Interests in the 1980's and 1990's. Springer-Verlag, New York, 369 pp. 


~] 
. 


c 


10. 


11: 


INITIAL DISTRIBUTION LIST 


Defense Technical Information Center 
Cameron Station 
Alexandria, VA 22304-6145 


Loran Code Oa? 
Naval Postgraduate School 
Monterey, CA 95943-5002 


Chic! of Naval Rescaren 
SOO N. Quincy Street 
Arlington, VA. 22217-5000 


Oceanosrapher of the Navy 

Naya) Observation. 

34th and Massachusetts Avenue NW 
Washington, DC 20390-5000 


Commander 
Naval Oceanography Command 
NSEL LS: 3952 2-5 000 


Commanding Oflicer 
Fleet umencal Decano capa Genrer 
Monterey. CA 93943-5005 


Chairman. Code 63Rd 
Department of Meteorology 
Naval Postgraduate School 
Monterey. CA 93945-5000 


Chairman. Code 68Co 
Department of Oceanography 
Naval Postgraduate School 
Monterey, CA 93943-5000 


Proiessorn Pe Durkeeros De 
Naval Postgraduate School 
Monterey, CA 93943-5000 


Professor K.L. Davidson, 63Ds 
Naval Postgraduate School 
Monterey, CA 93943-5000 


E s 
Sa ihe enue 
Gainesville, FL 32603 


C 
s 


Mo. Copias 
2 


G2 


16. 


I. 


l5. 


>. 


21. 


to 
to 


Commanding Officer 
puonlnvyronmental Prediction 
Research Facility 

Monterey, CA 93943-5006 


A ROn Fett 

Naval Environmental Prediction 
Research Facility 

Monterey, CA 93945-5006 


Chairman, Oceanography Department 
ss Naval Academy 
Annapolis, MD 21402-5000 


Scientific Liaison Office 

nee ol Naval Research 

Scripps Institution of Oceanography 
La Jolla, CA 92037-5000 


Librarv Acquisitions 

National Center for Atmospheric Research 
P.O. Box 3000 

Boulder, CO 80307-3000 


Commanding Officer 

Naval Oceanographic Office 
NS LL Station 

Eur bouis. v5 209522 


Commanding Officer 

Naval Ocean Research and Development Activity 
RII Station 

E v5 bouis MS 592527 


Office of Naval Research (Code 420) 

Naval Ocean Research and Development Activity 
Eco North Quincy Street 

Arlınston. VA 22217 


Commander 
Naval Ocean Systems Center 
Sean Diego. CA. 92152 


Commander 
Naval Sea Systems Command 
Washington D.C. 20362 


el Zdenka S. Willis 

Naval Polar Oceanography Center 
4301 Suitland Road 

Washington D.C. 20390-5180 


C 
Un 

















Thesis 


D576487 
cl 





Dinkler 

The variability of 
the marine atmospheric 
boundary layer in the 
Greenland Sea marginal 
ice zone-- a case 
study. 















A did ra ADA 
POT T A SE SS EL ET Te a 2 

rr A AD DET 
A E AS A ANA ATA A 
PA AAA A ch lab 





1 22 2.2 





slat edad den d w uh d + 

PURA AS 34 ! ur 
wood het ut L "nu m LI j 

AY YE ROHR Sn US. thesD576487 : 





















T res 

perii ea trap riri inrer e tos nm we se N 7 er ier P AE eut Th bil 
A AN ee eei Ta Eg ane Perera rt ney ae e var 

HER en "Ie beet torti ETE rui wa or ery a eT ew ^ <> | 1aDI ity of the marine atmospheri 
AAA ET a ay ers } 


Le ye ee ET A aT lie oa n | | || Il | | LU ERU AN IE) | | NI TAN |l | IDEEN 
| I | | I || | | 


MATA E gig PARO LS [E 
| | | 
| | | 
V 
li III 
a EEE A ^ 
Abatnd Vi Hd 1080 16 p mam. AA RAND M forever ye weve yee SN re Ty ed oe Dae, 












E a A C.P. As 
re PO ATINA La oed P Lei EI "HET SONT ERR . : 
A TT A poate RETIR P AE N ee ee tar CA A A a a Pa [D 
pS A A rare mre CIPIT add TT AT Pair 
N TE Ka Ehe PT MU IA 






A A ANS D 
LEM L1 ET. 
| | 
Bu | | TINI | | | | 
every irre Wie = ey Winn 


td 
Jy PUMA RI IR] ke € on PR ARAN Trad d tT 
ae E. TN o Pu eee re PEUT 153 244 ARAS EIA 
A A O AAA A NS AA 
A te WSS 
pore ER RIEDEL ET AAA EAT OR ea aL A k = x 
PPTL cire paio oe YO DL ripeto pete r ed y A A as PAM ADO Doria 
A e IR arenes ra AAA aee) hs ash ek gol oft 4 00 | i Pi à 
Pc Cane sehr rema bd REL Lut t ! I RES 













Fe BR VAT PET X ou. o 
rV PPS "mn" 
"yr T ee I 
, POC Pew ere de 
PIPA AR some pen 


u, EL ZI Es sb momo 
mque mehr Y tne bre rede reet] ES E "Oy rye vr E ud d 
Seer eee NIECE IT eT tm Aa ARA OPA RA LEER NAAA DUDL 5. 
AD bal IUE EET OX LIBRARY | i 
LJ M GA 5 


irr a aluo OMIT "oL 

MA , CO A OY ae ee VICE Ae P 

P pietra rios ES I EI O NEW Jaco Uit ibid 
pyra rr brisa 


WE d 
A A a pO Tm 











































































































































































































































































































































































































































































































































































































































































































































































































Pre pn » iene ers Peer cl IA t nd oe 4 
oo ad Ad dur e dal - 
o A a PB Rr AED yo ver x A A A. 408 AM 
MAA A E PARA A UTA MR Lah mes a os E h m 
pipet rye eet) EON E A ere erret NY a Peut ELE da Up rene vM AA E a ^o. 5 S 2 t A 
PA LADA CORT AAA A rs er AITANA RAR TS bil AUTRE II A de è = a y ; j 
ZA RE TEE A AA E emen STA PE i s A Fr A g 
PATA eles) TITT T TE AA A A ay 0ul «n6 oh rho ud Fed "m ere Sara L P TM | 
A A i sisi el PTS AIN ARA TS a ir DV obe A A Sa LL > e | 3 
planeta RR ey oris eph eaa a Ud AA O a ARANA O eel ERA N EI me " ^T " tpa bii 
A A da ANI NE O IAS Da ER A SA AS dal lien er de a 1 | 
a T E en eae [ES eite Wd 026 Belin era AS S8. Nt) nh "are bref un. b A aaria E "TD " > i M ^ 
AER AR A n) PA A EA T Tae DIAS. AICA RIUP CS PP EA PROS - en ; 
dd maio y Fi RIP nio ma id soc M ame Proceed ae an et ea a PU M ECL bed diced uri HE Brian! B A ee A " F 
EAT A AA AA AAA AAA AA Aero Yaris A e ^ A A ^ 
yiri m vr CT ah att nr di novere A A PARECE S LE ¿er Tl k * hot. M s A i i 
LS ree P Ma pique rrr Penner Er ii Pee eer Pe eT ahead Ex Pile Hail TCR PEINE: E UTE P 
pcne gri. PANA A rad qw Meme meer LL RR LP Hn as ad helia Ys > At z 
A E TT N AO A PA AA A Y AE TEET TE E NE * Mant. Fs = - ' : E " E 
uiid tope rap Thor eh d purs APR roy on rer NO odd RPM ll ehe ee ee è whe k a N 
tegens aoi NAE RIP IA NA A dd ds pa A ee Pe oe rn T / " 
wen vp vrai Mi DEEP Pe TUT Ye NT Bee LT ial AA A E (IS A sh At De dh cee Wy ^ A 
43 NH Pie ie Pao RT BES i i en ee PT EL a ^ Los erba m YE rr [77 HE A 
PACA fone nare® ee ree Au UTR ed prey ver E in Oe STE TT DUM a Be T" - r 3 ; 
rne DD ee PASAR SA O II FE SE Ar LI EU "Pw A s . 
PA E pd Viper ind Ap queue STE Ir At um ves. N IE AE rcpt en ie) ^ R i 
pT ad AAA MAT A ES Ud "T OA ly A NY dL C T P 3 ; 
at mt am ed Ft oT I ae ie DE NT EL FIT estorba ¡> pP EE AL aie as f 
A A A ES RARA a nr Far at el A l UA i P a 
tere ee ATI de aes Pa a ee ee ee LL = %:b n TE A ! 
] AAA A AO A A AI e ry voire e aranera V . ] 
PURA ARAS di ar ae roe lora pe vie u RR e AS AMAT s à 
apri wre en INE BM PTET e ra mA A ri Dede A a : " , es 
O A aai PA A ri tt ar A a Cam dai mos "WILLE E N ER i 
A A A A gig Phe pon ST toe UTERIS XU POE PETER Par dd a s L ^ H 
E e ANN EURO e Gor hence AAA SE ee ksa bid AM aecG.e ¢ M AD = A A L 
ani Tome A bad Pi tonii AA A SAS ds $ a 954 38 pr Ask > y P Ar , 
Ey7 77 Pr d a ER id eh AO IAS a CAPTA a dd iA e nh veld Es VE a E 
" A A Te ru dou viri n e O PA, PRADA [E n ^ 
ers dr peste P EH. VL iPad a tee ah tee PR ART CE Trace RE SE odio c A E : 
peque cir irn e ri ps RA Td V^ A ated oer i E CP NOR ELT r , 
erro ibd Eee et PARA er AI A ERA A endl o PH Ap O Fo Vae per E E : " AES 
idend E AA sicui ur AR Eee AA O le De ee ul "usa 66 r [NETUS ya rie P 
vet cto. "ot amu in | PE Re IO rd d TP mort ties se e CITRATO ASEOS n "m E rn m $ * d "un "m ue > 
MT rer «Aie ana hien (0) gnis QA vu Aot gra Dam. ade Aa, $ SR SA A ado » 607 41 401 91D) TT TOR I . "ru a A f 4 
A A a ed A A o E hen CERA EAN id de O A aire OUEST a poate © E : 0 
A a 2 Oe ee Ls eer Te or LU epee aT T ATRAS A Hs; EIU TCI E] ef "A A" CP EEE LIE N ar Te P "s ^ Ys 
A A AS o! PRI a a al AI IIA AA OTRA PAR AS TRA A IA T ^ 3 ^ ^ 
AR ti TL Eoi AAA O tell id é ade NND MEE a ET c LN A , ol E G 20 N E . 1 [ed 
"ef md d un A A da ir e e sI AI RR re teh. AAA el de E ee E , A a 
pi er PITT PAE le | rupe re A AE ee ah = - pce PD YS F ^ UN ry N da 
ee ehe rede AA a PRI AAA de EP SUL, Man CCELI E rn n M 
[A A rere epee ar ere GE We Oe dnd aera Mcr PE LE ee 4 > ga a un. ? ee ; a 
Dorai nine PO AEP a RA PA PAP a MAA A AS LE Dn r D E EP " 
DT abd ebd nO RT ON A A IA A nt Pre ee E A AR ETER T UR [LI TELE Pe p! o a a Ar 
IL A AA le rele e T de OPERE tented bert nan APPRIME te e 4 t "VE TENUERE ME M id ED n ro : 
re PARA A dd A O al ani etl ete a Sphetásv n ast n) fe soto rs dla B E : > 1 E : 
ei PAGA Se O ds aa A IS AR hdd M ALLTEL ^n ee creer ty kee ie E TU 5 P 
a ad z apep een ur TE T AN dee ee O E NEN eh . A 7 d P ? 
DELE ae E a E va 6a soft o Pe doni adt AA TE depuis SPM nt OF Y AS T Mn Pa qr TP RP le F " A re 
«Qu ut Mns iot mo rur aa den dat co AA A E eis AAA A eee | Fer &w da f - b DESERTO . UT Par " P 
AAA n pr OP e B nue peo A O Sd oleate anche a te en fe Peas . e L 
A N 7 m aad einingi enigan inini irat Aktin pii ida ag oS- PTE ETTA Bane at oh ph 5.4 Sons pot 4 M. B eae D MA 
peo Be ee IR TOTER tos ae I N het PR P bed od pum r SA A nse f ^v ce a ^ ^ a ^ d D 
— 7 pb leper wer Pere RA A E ALTEN ER ree re er tere ere PE MNT [TEM e Pr A e " 
AAA IE PRA o a Fa maE si od id o oi io din PO vao TEARS M E f ; , A 
D genius qi poire E pent ehe P "Lese PA AAA A al arm r y a: N $ = 
ars DITA AA E as ean ares A A Ne AS mt ate e ; A " "e Ar s 
en a ands an aa b P A cor ms tel iT er E > " 1 B ' E 
AAA iS 4 SR hgahd aeae S "TT ` AO OO O pa us N T 
Dr ae AE O RRA Ree EEE N ea pro di pol OA ; " ras NU PM Jes 4 : 
4 A E nid m php E A PIER p a 43e T x s » A ! 
A A PA A ASA PETE nn A e AE r ee a n PES 
A A ar ee e reunmerie DE dE UT Rd end IA ru UI "RIETI e nr m ^ n 
PR did d we PU IA rd » a5 J So udi pt — ee mimm eins t "PITT P “as P .. : Y A 
AAA a ARO a nt a E EE AA TAS a Ayres” q Y Mn O O " TU 
ao ree appa PME oa indi d wisi accen E A ur ITI 021 AA sd E e > E i s D A 9 | A 
"TEE stadia SPEER e tes m "Ayo A AAA IL deere © LET od v PT] a .., rar T A a E 
DU ec More du itn mam F0 ap T e in Be > eer ae re Sy a d 5d eis 2 ~ E z “ts E ES Re E 
AAA AA ri a AAA A A vod FEIN ero AP A Ed > e 3 dd a ia A y A as T 
poules HE SR EEE A RA er apo AA PIAR TE ee rodar ne A ALO A " ‘ PEL A P Pa 5 
> EPIA: eP D SL ii AAN SS O A PAU A + tor %.0 ^ s 2 , 3 
EFE ee ee Lorena ad Ion eae NA ade ds ZZ NP MD o» - ur 
pP oe er sed 2i Tat nen STE A ihe ale PR A didi ERS Ar AS A A 
ATA Dit ee Le tg Died oe Glen de s err Co ITE LM IE PLIN ye ee Cer - E , 
AS NT EA ray pc OES OSS PD A Tare t's Tn E al FO s n D 
io Dr ec E vl bri cs mer prs T rr RI qe ate . D S "a 
|o ope SP Nd dd IIA de Do ri e a Trad cie Ra Md din Perm P ber: Ac o9 " E 
AA Ead tm See BR FR DE A AI "m Pr ; Je) - - 
Bc A ES br re SRA APIO AAA aT ere E 
A uw c3 Pa 1 Peer SNL SEE 122 PEIUS 5 + er " " an 
= Y BE od PAI TES nd abis M ees 
id ve Facey E n a -— a u end sf IIR ^ e ce 
inp rre IR ecke cd A e "nr s? OR m Aou E = 
GE un mmm e laa : PR AT iei ed had AME e a tib en O EX. s M is ann E - L 
PROA EAS: AAA e A A TAS a A ds wA sU AS.» at os Em ZI F AR E T .. 
os mr IE E A E eee od premere E de eo nio od : LI . ate L s a a d 
Mode rh A Oe p ES O fa A 9 oy taht PP Ra? ATILI SL 3 o O E * 0 adhe ae dar ys Clean St “A T. ah s 
ES A EPR PSA Qu ee pt Y 5- ES e n nz a A N E wer 
Tec D "EP He d re zc ^ LI aA ni E t. "ED. ru CN C ‘ Ar S Re: ^ 0 
N A ETS AAA AR ES ey 4 y“ a o " "EVITE F E i 
ATIUM Pre ndi iia e > " 2n $ p "IP Pera were P M "ES A A one A d L 
IPP e o TES: E 4 A te! "me - I Ce TR A et M E 
SS f m g aime yee NE CR * 8% be A bl A 
" - 2 Lh 3 entree 5 Bi 17 E * 2. 
4 4, ata d m g A "EM *, 
" ATI v F r A M - - 
a} r EU UM “at OA ae n a ur O2 „re: 
d AC MITET TEE E Ai Fer A Es NX k ' E 
E i5» tmi 4 ITO rm i 
Pe ES BE oe "E G Ay 
A a 1 fi TA bd : x A 
" ' ' " 
A hd Lm 1 - 
a , $ "Une ' 
n " 1 " R 
sł " " 
LI B LE ! ° 
LI . 
"T" ^ k » 
s ^ E 
Ki z Ae L] b t 
“i TONEY ] e até 
P TC i Vs P un 
zr: EN oll oe ' 
"T" 
r . 
* *, . 
E < * . 
e ea 
ann” 
A e" . 
4 a wd , 1 1 A 
PPL eae th A eed i i 
2 b mm P TL! > d L A LI M 
E UT LE SE A 2390 4 y $ ^ 3 A 
A AA d. Ph á 
EDO Sr e Rn - ' . i y repa 
PEA A, " 1 LP L " [LI 
. AN UL E > * EP 
H id "s 
A a A " T 
n f T a 
Y TE *- = M s " 
et ' fake ax T^ " . 
s CS UNT x) a SER ET z d Ln 
Á X DS ne ae Ne am ? ^. AES" 2 P Pa ME. * 
” nn LLLI BEL TEN M he TILES LIÉ Nr "E d G 
O A ae + A SO + od IN PETE T bike ^ i.e EAN r D 
LL hed ie do DR M E CIE "a T hé: ry "m N JU s A 
id o c Er u Dt E a SE Per an ^ $ 
ee TE hs moins D AUR 3 LS LT pee ae, TA a L ; 
m EIE casita Ad Ds MO m LX Ju T LTD E 
nummer A AA a edi an M 3 RU be d Bi . 
T LE ila Selen! EM 2 OO Se b ld bh d Cal aia Hi. EE TE P LEA a ^ A m - 1 
po AI A SS n P eee pl ARDE A OL n Nee n O E 
DL y e DON Shed ka Ris a pty MeciTeie^ 9, S8 63 fcre mS LETH od] Tr 4 oe ^ L NE "ys ^ T ^ a 
ee Parce Eod d hr TL T " £* 
PER RN PARA RM imd TEN LN "T A . z 
SE er ed A A E tt * b MEM r 
AAA adil Le Se hs Sd et FRE A " e PR . n v de e 
AAA ds e O id ya yn OS TRES 2 33 y Dg CRI 4 E 
fl Ig o A ai caa ree er en Wr t^ . * " 
Mam ie batt ero T rt e Oh phe bis EN i Pe D T E 
RIÓ le ea e E AS AA sy OSA MN TIA M odande hr a tad, [NE As t "E N e 
AAA od ee a e A M f TA . , N E 5 y r ^ 
a Sah ee tee hte ah lied D D LT M NITE S Tb Lol ky) ert ap ee Pees Be. n es A ^ ^ " 
EC ra Laer ecl radit Mem f. r 1 bL RP Lii NL SHA CS ` 5 ES I re se 
A ee A no O IO yt m ITEM TACO ta ? "TESI M E ' 
epi k E PO odo a ap ada Fe SAT ALL E Ti rio a ar N TEASER TE " " ^ 
Lace al ra PELLI LEA du ATTE M EIS NL] > E ETETE EEPE Uha [D TELE A DA k. . w * a 
de he te Ea LI LX LI LU RE Tid ihe] IN n e w. TY MALA so. ^ TL dia. ers B .. A 
A ID Qi 1 udi NAS oT} i NETS i : m : v TOE 3 aor nie 
om og OUT sek EERE mT weg Ts TA EEE NS le PPS LI 4. "m TA A Ti Uu. 4, > ^ : 
eet tre oxide S E 4 C A : ; vaa de e» a: O O " A 
A S A ES eee WARTET wre M S UL M II ZART TU TS DIE y . 1 ae fa fae N 
AT ade PERROS Tobi da: ret thd, a one AA 0 a a a "HD "m n a ACT " : ET 
mw pp A dd Ara Py tr eqypi yo vase N AXIS NYDII A] LALLE LLD LLL ‘oe a fe , " N » " zur 
SAO AR ET add errr re er IAS APA A Dedi ded AO Ay eet ade Is ae C vos |" 09 9 8 . i 1 2 f LI 
A da i ELI Lad RTV TEE bd dn COE a id A o E et A A ets 4) fti es ios > = P A MEA D . 
N e is do AIDA eV or ET a Bes SO Ae Be Anh i ARCA EI UR CR Ld i 1 ‘ i a p I 
AMI E i shed UA A DS IL TE DE URL SIT SITE TEE | ERGO EAT AAC Y E IA e TEE T O 1 5 s E 
d quest x EU EN MERE ANA TOS O TERE ; 1 , Ñ 
ARA SS LY AAA A ed Vos eer EL UNE WIEN Aa EA INPUTS NEN LL ng ae N i T E LANS ^ 
Quel ADS Abe de o ALI Ser SPIEL og lei et a CR CORDE werd C r E 
As PET LET Pd ar ae, ET FT Er pro STC RIA ee E CEA AA j « as om nmm "un ` n f { Lae S ` 
AAA AA pee UAM de NT 2h NM e Du Y IA MO Pk DEE 9 M a WC ^ 4 
DT IA A A TTL vet eh hel te E WEG Pa pe ere, UBER: hs ot 4 wn DII P N mr v & 1, E E " rp n A 
perina Ne Da De EET e a HARRIS ADA RT on pala ey el SL fe E LAT CD EU MC Ce ^ 0 * od a 
en ee ae N TTC Eh Us ihe dp IT ELITE EEE Woks E KE IUE Ae a! AD TRU Bie NE Ur Huc fF b 4 
nm bee A TERTIA mA ete oe he LADA la 3 14 A ila 24H k P n va ^ = P B ons a 
NARA RE eA d E LATIS iid e hdi ui or ey Rim SOR thal A AL TONO pdfs AOS, Ya, Jas da Ut eal E e " É = A 
ero Tt T TTS ie he PN XII LEN! a he ha Lhe ie de dii “ DEDE E] t e 32 " Fa 
oe E Rise dad A Mo benedic! Mer * Se tty A 1g wi J 04 A I : A zu 3 oh 
Pe Tet ee Paar tet 5 ANT ne T) A Er am da. TANI I TEZE TA A E ME “re . M x f CAR NP LL dap ^ e m D 
dated Reid eld Ease «d. lee pad e Drinnen CUA a eure Di ars CEL [FII E tang me uos ATA A P 
EX ILL de i eine Pd ACA Ae aired ELA EMT de ET Pt NOt J ada, i i LIES EL "Em D UE E P A 
itin perdite biter PTO EY E bi rhe PA RA E ale Bae Cu RR EL BI a n ui, n ^ a Her 2 
"tis Tetai ca tci re (Ey A RIO OA eit BPO A ARIAS SI g " . P e 
ASS A IS TS A LCE he oh i DE e quese dj ero A z E O , a ^ 
Yin mungen te ere a eta rere hl eh UID Va?) U A PEL CELLO MEE 1... T [1 ni.“ s n 
MIU AT Te Lu Sn Eu ii PUO. PP PL S > 
L3 arn aL da 190 ot bak a dei er h BN LP Bi SS k Wen N en N 
Trae tt eee he ETE Ad E TURPIS LIA FT LAA RES LL LR L] AITNE a vto eta t^ E D ^ " » 
Peer SPR LE Ib d TEAL A A AS MALA. ct AA .. ^ P" " 
PRO RC MO O AS AA, ED ys P E ; 
Ott a ee nn... 8 rn D e a TT vè ` " : 
y "ELIT VLA la her 1 ELM S LE A d e ELLA E AL SEE RED an e i . g "4 LED cay 
Lio d n Ee EMEND da AR ; i m ae re a ee LAA TIA Br "s P Q* 
EL AI errr Toor to LUI AE ATARI AA YESA AROS RO O vsy y € “Ces m TE : C "TER E EM J 
ET TE TI Om I TI I PIE BER te Ress etary YO Ot eRe OS AS DAA 7 a ae , F ^ z ba 
PAT OTE OSA LAMA [INI LI TOMUS LM NAA. ML 0 Lr] E t x $ un. ^ n ry 
pere Wer Dee Li i ded PELIS TE Ab dA UL E . 1 - 
EL d 14 ces ey SEE Au ru rare eb sey ‘ & y 4 G : 
MPLTYIT LATE LE waere E DE BT LITE AL ZU Hay“ "a A ' i 
MO 1d be PEN IIA HABAS a En Pr r cos = 4 
yes rra g adeln TELA ALL mau EA fetet e wa t f i ? ; f oe 
rá AO AAA LAT ad bh 1 > x : \ 
"MI iY, this A ae ES E jo LÀ TIENES TL r R a A A 
Ti ML M Bhan ti es e A . f 7 
AT EA MA] DOTA we " a 
errr ty) Lt) ee es ee LE DELL m T Ea d ^ g 
n EIE EET dde» bb Rod d EECA ELIZ] r M ^ 
MOTEL Eee Robe d Sa wo. EA TUT URN N y 5 A o 
Ad id oo PEE Tod TUE YD : EE LM EN F, - 
EXT] uyeroty toss vto fat" LL A ON AO LE CATI N A adii b A Va | J I 7 .. "m " s , D 
0 IO ws OO rw PST E IA UA DEA M ARAE LO re G y 4. A DJ d 
TT II er wu et a EL E be Uri ri i dis ELLI IE nm AS PvP tt oe Oe oh RA A AA 4 x ‘ a A zu (4 L ‘ L 
EET bel ML TA E Pw ry ANTT C OC M OL SIDES DS me? r L M er gs 
Lj Part A oe ee | ET LULA TETTE M axi i DECLARARI S AN NN NP TN" ^ 7 AX n > = 
TL TU Yaa! Midd) oe ti Bee S rad A Tide P yet WR LES A Joi hh Py AA y. nto . " ye 
LI Pree Tira by Bee Sh hh id diol uu MA OP gt uU àv cd [1 E n "E- d > N 
y 51/58 o9 A Dr WRITE EN ZU U U D RN wu’; AO Tn I * 3 Pi " Br * re 
eatin te Lk A te Abe Lb NG TODA GE TEL EU NEE TS OL) Ba de ch ah A LU RC a $ a” O T ! A i 
pe diee DELLI D. EL LE iii IW) tke A WE TIRE TA M LE PI da AAA | A A TS TNT ` " : y - 
Pury; Li Vit ke me a n IT Bl TEUA DA OGE T E A " g "LE 1 + 
OA TIA iy 197 E AA Ul EU dail E O A CA r ' ^ "T - m z 
Pee AAN Tor UN De | bh dane HEY A AA 4 qa nnd 1 a 
perte da emer er bree te TIA IN Li Rn SEL A AAA SM S, JA E O o L » 6 e ar 
"Adae dt i di IA Dai d AN! TTD le DE JO ARA i ' g a : . «us 3 
Siok SR PR na i CO ak ao OLA Mice) da MR AS LX LO DS ELT OL daa a. e 3 L . . , ' t, ' i 
ae ayto seny n Sh WEU AC IIA O a CIR GILL LERRA! ; J P E 1 Gas da. ' E » 
ANOTAR ES et tt bh et St tt te Le reuse EI x D" P "hr! A A , 
Xa deer d AAA ESCUELA DL, S À ‘ iu" : r 
ATA E eee owe as DAL 6 L v A 3 , A 
RETTET ET RIDE vid y TAS i T A " r p R : 
Dro IE ETLE e A M. ab ELIO PLUR n d ER. TLLA n LI d * A " 
pendet AA OA y Q IL S aJ La Aa RADIO AT A A S ie E. P 
TYPE aed J RD E a ee ih me H ev e NY mM. r ^ 
(ior adu acie nomen wv uU ES LEM JE A $ é [ 4 
Year oed prn Mere DESC ERA dl I Fede ROLL EU, p Da a t b do e DE Vi E DAT n 
MeL ERAI > Wirren ne a an Y ñ Po , i 
rome rly EE TTT RETA R Le ee Sd kk r LA ‘ ere | te A m 
Tao, we. os RN] "T3723 TTL LI AL " " + Se » L R n" > 
L3 a [] r1 wer T 





